ABSTRACT. Adult females of Panopeus africanlis A. Milne Edwards, 1867 and Uca tangel-i (Eydoux, 1835) were sampled fortnightly from Apnl 1989 to November 1991 in the Rio San Pedro lnlet (SW Spaln) to estimate the seasonal timing of their reproductlve periods. Planktonic larvae were collected monthly from July 1991 to June 1992 by pumping during nocturnal flood and e b b spring tides to establish seasonal larval abundance patterns. Additional 24 h series of samples were collected in July 1991 and May/June 1992 to analyse larval abundance in relation to the main environmental cycles (diel, tldal and lunar phases, and vertlcal position In the water column). Both specles showed a short, latesprlng/summei-reproductive period: mature and ovigerous fenmles peaked from May to July Seasonal occurrences of first zoea larvae also indicated short reproductlve periods for both species. Flrst zoea was the most abundant stage, representing 99.5':,, ( P africanus) and 99.9% (U. tangeri) of all individuals collected. On most sampling occasions, there was a net output of zoea I of both species from the Inlet, suggestlny that larvae are released in the Inlet ancl exported to the bay. The abundance of the first zoea of P afrlcanus was higher durlng hlgh and e b b tides, at nlght and at the surface of the water column. For t h~s species, there was a sign~ficant Interaction between lunar phase and diel phase: zoea l were most abundant during nocturnal neap tides. Zoea 1 of U. tangeri showed greater d e n s~t y at e b b tides; they were more abundant at the surface of the water column during e b b than a t high tide, suggesting a vertical migration between these tidal phases. Considerable short-term (consecutive or alternate days) and long-term (Interannual) vanation in the abundance of larvae was observed for both species. The comparison of our results w~t h the scarce information available on the reproductive periods and larval patterns of both species suggests that, at the northern llmlt of their latitudinal ranges, water temperature may control the seasonal timing of reproductive penods, but populations under d~fferent hydrodynamic regimes (different water conditions) might show peaks of larval release during different diel/tidal/lunar phases; this associat~on of larval release with rhythmic cues may serve as a mechanism that may aid escape of larvae from unsuitable environmental conditions.
INTRODUCTION
Panopeus africanus is a common crab on the southwestern coast of the Iberian Peninsula, where lt is usually found burrowed in mud, under stones or among oyster shells in estuaries and other shallow tidal ecosystems. It is endemic and the only representative of the genus on the eastern Atlantic coasts, where it has a wide geographical distribution from Portugal to Angola (Manning & Holthuis 1981) . The Afro-European fiddler crab Uca tangerj IS also endemic to the eastern Atlantic and has a similar distribution, from the Iberian Peninsula to southern Angola; records of its occurrence In America seem to be erroneous (Manning & Holthuis 1981) . The latter species is found exclusively burrowed in mud, muddy sand or sandy areas of shallow coastal ecosystems. In the Rio San Pedro inlet of SW Spain, the 2 species show slightly different spatial distribution: P. afiicanus 0 Inter-Research 1997 Resale of full article not pern~itterl usually inhabits the mid-and low-intertidal areas (mainly under stones), while U. tangeii burrows are mainly constructed in the high-intertidal zone (near the small tidal creeks which are distributed laterally along the main inlet channel).
The complete larval development of both species has recently been described (Rodriguez & Jones 1993 , Rodriguez & Paula 1993 . Previous references on the larval development of these species are very scarce (Feest 1969 , Paula 1985 . The only available information about the larval abundance and rhythms of Panopeus africanus and Uca tangeri is from populat~ons of the Mira Estuary on the southwestern Portuguese coast (Paula 1989 (Paula , 1993 . There is also limited information on their reproductive periods (Feest 1969 , Manning & Holthuis 1981 , Miiller 1983 . Therefore, it remains unclear whether seasonal abundance of the first zoeal stage in the water column reflects seasonal larval release by females and/or larval survival rates.
Both species are among the most abundant macrobenthic crustacean inhab~tants of the Rio San Pedro inlet. T h~s inlet was originally a part of the Guadalete River estuary, but sedimentary processes and human activity together have changed it into a marine tidal inlet. Despite these hydrodynamic changes, the ecosystem persists in performing an important role as a nursery area in the early life of marine fish species (Drake & Arias 1991) . Yet, there is very little known about the use of the inlet by larvae and postlarvae of macrobenthic species such as brachyuran crabs. Furthermore, the only information available about the reproductive cycle and larval abundance rhythms of the crabs Panopeus africanus and Uca tangeri is from typical estuarine systems (Muller 1983 , Paula 1989 , 1993 . Thus, we studied the reproductive period and the larval abundance pattern of these 2 species in a shallow tidal inlet, where the freshwater inflow is insignificant.
MATERIALS AND METHODS
Study site. This study was carried out in Rio San Pedro, a shallow inlet of the saltmarsh zone situated to the east and south of the Bay of [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . This sinuous, 12 km long inlet, characterized by semidiurnal mesotides (tidal range 1 to 3.5 m) and a soft muddy bed, crosses the northeastern part of the salt marsh and terminates in the middle east shore of the bay (Fig. 1 ). The tidal current from the bay flows along the inlet, whose freshwater inflow is insignificant except during heavy rains, and supplies sea water to some saltmarsh fish ponds situated on both sides of the channel. The sampling site was located 3 km from the inlet mouth, where the channel width was approximately 200 m during high spring tides, and at a point situated 50 m from the water's edge, where the channel bottom was 1.28 m below hydrographic zero. There the inlet cross-section showed a continuously submerged central channel (mean depth = 1.44 m below hydrographic zero; SD = 0.99 m), and lateral tidal flats partially exposed at low tides (mean depth = 2.19 m above hydrographic zero; SD = 0.99 m).
Sampling. Adult females of Uca tangeri (n = 999; carapace length s 1 5 mm) and Panopeus africanus (n = 1098; carapace length > l 1 mm) were collected fortnightly (at spring tides) during most of the sampling period, from April 1989 to August 1990 and from August 1990 to November 1991, respectively, in the Rio San Pedro inlet. A random subsample of 25 females (or total sample if n c 25) for each sample were measured (carapace length, CL) and weighed (wet weight, W). Ovaries were removed and weighed (wet weight, OW). Females were classified into 1 of 3 gonadal development stages using ovary gross morphology (size, colour, turgidity) as criteria and ovigerous females were considered to be a fourth reproductive stage; thus, the stages were: I, immature; 11, maturing; 111, mature; W, ovigerous females. In add.ition, gonadal development was estimated by calculating the gonadosomatic index ( % , GI) according to the formula:
Individual fecundity, as egg production relative to body size, was estimated by counting the total number of eggs of the ovigerous females.
To estimate the annual patterns of larval abundance of Panopeus afi-icanus and Uca tangeri, crab larvae were collected from July 1991 to June 1992. Samples were taken monthly during the night hours of spring tides. Each sampling consisted of 2 pumpings, lasting 1 h each (30 min at 0.5 m below the surface and 30 min at 0.5 m above the bottom); pumping began 4 h before (flood) and 3 h after (ebb) the expected time of high water, and was performed a gasoline-powered impeller pump. whose outflow was filtered through a 300 pm mesh. The pump outflow was calibrated before each sampling period and kept approxinlately constant for all samples, so that each 30 min pumping period allowed the filtration of 10 to 12 m b f water. To establish the patterns of larval stages in relation to diel, tidal and lunar cycles, as well as vertical position in the water column, additional samples were collected in July 1991 and May-June 1992. During each sampling period, four 24 h series (2 spring and 2 neap tides) of 8 samples, lasting 1 h each (30 min at 0.5 m below the surface and 30 min at 0.5 m above the bottom), were taken at 3 h intervals in synchronization with tidal phases (at each diurnal/nocturnal high, ebb, low and flood tides), in order to obtain 2 samples for each diel, tidal and lunar situation, and for vertical position in the water column. Samples were preserved immediately in 5 %) formaldehyde. Larvae were categorized by zoeal stages (4 and 5 zoeal stages for P. africanus and U. tangeri, respectively) and megalopal stages (1 megalopa for each species) and sorted by species (Rodl-iguez & Jones 1993 , Rodriguez & Paula 1993 .
Data analysis. The number of crab larvae caught in every 30 min pumping period was adjusted to obtain abundance per 10 m b f filtered water. Larval abundance was log (X+ l ) transformed prior to analysis to decorrelate the mean and variance. For each species, a 5-way ANOVA was performed to test the effect of diel (D), tidal (T) and lunar cycles (L) on the larval abundance, as well as the larval vertical position in the water column (P) and i.nterannua1 variation of larval abundance ( Y ) . Only second-order interactions of these factors were analyzed.
Hydrological measurements. Water temperature and salinity were measured at the start of each pump sampling. Additional weekly measurements of both variables were supplj.ed by the Centro de Investigacion 11 Cultivo de Especies Marinas 'El Torurio' (Fig. 2) . During each 24 h series, data on current speed were also obtained hourly with a Hydroblos current meter.
RESULTS

Reproductive period
The reproductive cycles of Panopeus africanus and Uca tangeri were reflected by changes in the gonado- F I~. 2. Seasonal changes in water temperature ("C) a n d salinity I" ...l d u r~n g the sampling period a t t h e Rio S a n Pedro inlet.
Continuous h n e : hydrological data recorded monthly during this study, dotted line: hydrological data (weekly) supplled by the Centro d e lnvestigaciones y Cultivo d e Especies Marinas 'El Toruno' somatic index of females throughout the year (Fig. 3) . In both species the principal period of female gonad development (gonadal weight >21:, body welght) occurred from May to July. The presence of stage I11 (mature) and IV (ovigerous) females peaked during this period of high G1 values. Conversely, immature and regressed gonads were generally small a n d resulted in a low G1 (August to March). During the period of maximal gonad development (G1 > 2 %), there was no significant correlation ( p > 0.05) between G1 and female size (P. afr-jcanus: r = -0.146, n = 58; U. tangeri r = -0.103, n = 201). Total number of eggs per female ranged from 1100 (carapace length = 12.2 mm) to 62200 (26.4 mm) for Panopeus africanus, and from 9300 (15 mm) to 77 100 (24 mm) for Uca tangeri. Individual fecundity (egg production), estimated from ovigerous females, was significantly correlated with female size ( p < 0.01). Thus, in the studied population, individual egg production (EP) of P. africanus and U. tangeri females can be estimated as a function of size (CL, carapace length in mm), using the following regression equations: 
tangeri).
Seasonal larval abundance Zoea I of Panopeus africanus and Uca tangeri were present from late May to November and September, respectively, and both species showed maximal larval abundance in August 1991 and in late June 1992 (Fig. 4 ) . Taking the different current speed and larval density at the surface and bottom of the water column into account, we estimated the input (flood) and output (ebb) of larval crabs at the study inlet as the number of individuals passing every hour through a 1 m* crosssection of the inlet. At most sampling occasions, there was a net output of zoea I of both species from the inner part of the inlet to the bay (Fig. 4 ) .
Die1 and tidal patterns of larval abundance
The abundance of first zoeae of Panopeus africanus and Uca tangeri, together with hydrological data for the study inlet, within each 24 h series is shown in Figs. 5 (July 1991) and 6 (May-June 1992). Results of 5-way ANOVA on the abundance of P. africanus zoea I (Table 2 ) indicated that larvae of this species were more abundant during high and ebb tides, suggesting that they are released in the inlet and exported to the bay. In fact, the flux (see 'Seasonal larval abundance' above) of zoea I within each 24 h series indicated a net output for 7 of the 8 series Larvae were also more abundant at night than during the day, and at the surface of the water column than on the bottom. In addition, there was a significant interaction between lunar phase and die1 phase: zoea I were significantly more abundant during nocturnal neap tides. When zoea I abundance data were expressed, for each diel/tidal situation, a s a percentage of total number caught during each 24 h series to eliminate the often considerably short-term (between consecutive or alternate days) and long-term (between years) variation (see Figs. 5 & 6), a significant (2-way ANOVA; p < 0.01) interaction effect between diel/tidal and lunar phases emerged for P. africanus; during spring tides there were no statistically significant differences in larval abundance between the nocturnal and diurnal tidal cycles, but such differences were significant during neap tides (Fig. 7) . On the other hand, zoea I of U. tangeri showed higher density at e b b tide, again suggesting larval export from the inlet to the bay (Table 2) .
The flux of zoea I indicated a net input to the inlet for only one of the 24 h series. For this species, the tidal phase vs vertical position interactions were found to be significant: larval density at the surface of the water column is higher during e b b tide than during high tide. Significant differences in abundance between samples from the neap tides of 1991 and 1992 were also observed. Conversely to P. africanus, after short-and long-term differences had been accounted for, there was no significant difference in U, tangeri abundance between nocturnal and diurnal tidal cycles vs lunar phases (2-way ANOVA; p > 0.05), and maximal mean relative abundance occurred during both nocturnal and diurnal ebb tides (Fig. 7 ) . Finally, significant interannual differences of zoea I abundance were found for both species. No significant correlation between larval abundance of either species a n d hydrological variables (current speed, water temperature and salinity) was observed ( p > 0.05) within any of the 24 h series. 
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Tidal period > 2 O/o was only found for water temperatures higher than 20°C (Figs. 2 & 3) . Consequently, zoea I of both species were present in the plankton when water temperatures were elevated (20 to 25°C). Paula (1993) found a similar relationship between water temperature and first larval presence in the Mira Estuary. H e indicated that the survival of zoea I of P africanus is very low at water temperatures below 20°C. In addition, U. tanger] needs sediment surface temperatures higher than 18°C to be active at the surface (Wolfrath 1992) and, consequently, during cool months (November to March in the study latitude) crabs stay in their burrows (Miiller 1983) . During the sampling period, it was not possi- ture, with short breeding periods (in the warmest months), a t least for the populations studied, which are near the northern limit of their latitudinal ranges. In contrast, the breeding seasons of African populations are longer, and ovigerous P. africanus females have been observed in January, March, April, July and November on the western inter-tropical coast of Africa (Manning & Holthuis 1981) . Water salinity, as previously observed by Paula (1993) for first larval stage abundance, did not seem to affect the seasonal timing of the reproductive cycles of either species. The first zoeal stage of both species studied was generally more abundant during the ebb phase (Figs. 4, 5 & 6 ) , DISCUSSION indicating larval export from the Rio San Pedro inlet to the Bay of Cadiz. Rapid export of first zoeae out of In the study inlet, the seasonal presence of mature estuaries has been previously reported for several crab and ovigerous Panopeus africanus and Uca tangeri species (Dittel & Epifanio 1990 , Dittel et al. 1991 , females showing a high gonadosomatic index coin- Queiroga et al. 1994 , Zeng & Naylor 1996 . This fate cided quite well with peaks of first zoeal stage abunwas observed for Uca tangeri in the Mira Estuary, dance. Unfortunately, the sampling years for adult while a retention of Panopeus africanus larvae within females and plankton larval abundance did not comthe estuary was found in the same system (Paula 1993) . pletely coincide in this study. Nevertheless, the results But the latter species showed maximal larval survival suggest that seasonal abundance of first zoeae in the (zoea I to megalopa) for a water salinity of 25 ppt water column reflects the magnitude of larval release (Paula 1993 Fn, nocturnal flood tide inlet studied, salinity during the reproductive period of P. africanus was about 40 ppt (Fig. 2) . Thus, there may be selective pressure acting on females to facilitate larval export and to escape unsuitable high water salinity within the study inlet. In crab species whose larvae are exported, most of the larval development takes place in the sea, and megalopae are the stage that reinvades the parental population habitat (Christy 1989 , Little & Epifanio 1991 . A means of rapid megalopal immigration into estuaries is to swim with the current during flood tides and to rest on the bottom at other tidal phases (Little & Epifanio 1991) . But fiddler crab megalopae seem to be able to settle and metamorphose very early in development if they encounter suitable sediment (Christy 1989) . Furthermore, juvenile and adult crabs also are capable of considerable movements, and recruitment to estuarine crab populations may occur through immigration of juveniles and adults of the species considered (Sandifer 1975) . So, a possible hypothesis to explain the low abundance of megalopae observed in this study is that, due to the situation of the study inlet within the Bay of Cadiz (Fig. l) , most megalopae immigrating from the sea settle on the mud flats which surround the mouth of the inlet, and the P. africanus and U. tangeri populations are restocked mainly by immigration of juveniles or adults from outside the inlet. Miiller (1983) also found a very low number of returning megalopae of U. tangeri in the Guadalquivir estuary. Another possible explanation could be that the sampling method used (pumping) was unsuitable for catching advanced larval stages, though this seems very unlikely because this method has successfully caught megalopae in previous studies (Dittel & Epifanio 1990 , Queiroga et al. 1994 ). Nevertheless, Wehrtmann & Dittel (1990) found Uca sp. megalopae which were attached to drifting leaves, using them as a transport mechanism to reinvade estuaries in mangrove areas. Larval and juvenile crabs might have been attached to floating macroalgae in our study inlet, which would have reduced the probability of their being caught. A final explanation of the low number of megalopae in our samples may be that they were imported when sampling was not occurring. The bathymetric characteristics of the inlet studied classify it as a shallow flood-dominated system, where the hydrodynamic regime could facilitate the passive retention of planktonic larvae (Drake & Arias 1991) . Under such conditions, to be exported, (1) larvae may synchronize their activity, and/or (2) females may synchron~ze the larval release, with the most suitable tidal phases (high and ebb tides). The first strategy may be accomplished by endogenously controlled, tidally rhythmic vertical migration of larvae (Cronin & Forward 1979 , Zeng & Naylor 1996 ; for exportation, larvae should stay near surface during ebb tides and close to the bottom during floods. But in the present study the tidal phase vs vertical position interaction effect was not significant for Panopeus africanus first zoea abundance, indicating the absence of tidal vertical migration. However, this interaction had a significant effect on Uca tangeri zoea I abundance (Table 2) , with a significantly lower density at the surface during high tide than during ebb tide; but such vertical migration alone does would not explain the high level of exportation observed for the species. The second mechanism, tidal synchronization of female release of larvae, seems to be a more probable cause of exportation of P. africanus and U. tangeri larvae at the studied inlet. In fact, the observed patterns of first zoea abun-dance of P. a f r~c a n u s (significantly greater during high and ebb tides) and of U. tangerj (more abundant at ebb tides) (Figs. 5 & 6) probably reflected larval hatching activity.
Larval release near the time of high tide and at night is common among brachyurans living in tidal areas (DeCoursey 1983 , Forward 1987 , De Vries & Forward 1991 , and it seems to be the pattern for the studied population of Panopeus africanus, with a higher first zoea abundance occurring generally at high and e b b tides and at night (Table 2 ). In the Mira Estuary, Paula (1993) also found that the abundance of P, africanus first zoeae was greater during nighttime, but with maximal values at late e b b tides. Although a similar pattern of larval release has been indicated for several species of fiddler crabs (DeCoursey 1979 , Bergin 1981 , De Vries & Forward 1991 , there were no significant differences between daytime and nighttime abundance of Uca tangeri zoea I in this study, and maximal density was mainly observed at ebb tides ( Table 2) . The latter fact has also been observed for this species by Paula (1993) in the Mira Estuary. On the other hand, it has been previously suggested that the importance of release after darkness may increase with increasing elevation of the adult habitat: predation pressure on females releasing larvae during the day may increase for species inhabiting higher intertidal habitats (De Vries & Forward 1989) . But results of the present study are not in agreement with this suggestion. the mid-to low-intertidal crab P. africanus showed higher zoea I density during nighttime, while the high-intertidal crab U. tangeri did not show such nighttime/daytime differences. In the study inlet, the observed timing of first zoea abundance suggests that both species synchronize larval release with the tidal phase at which their respective habitats are flooded. Such a pattern of larval release has been previously observed for other species of intertidal crabs (Morgan & Christy 1995) . Under this assumption, predation on adult females and hatching larvae by visually-hunting aquatic predators may be more probable for P. africanus, the species inhabiting the lower tidal habitat. Furthermore, a different predation pressure on both egg-bearing females and newly hatched larvae could also explain why we observed a different diel/tidal lunar-phase-dependent abundance of first zoeae for P. africanus but not for U. tangeri ( Fig. 7 ) : during neap tides, when slower currents cause lower water turbidity, the importance of release after darkness may increase.
Peaks of larval release for intertidal crabs have often been correlated with the moon phases and local diel/ tidal cycles. In fact, Salmon et al. (1986) observed maximal first zoea density of Panopeus herbstii and Uca spp. during spring tides in the Newport River Estuary (tidal amplitude 0.7 to 1.3 m ) . Their results also suggested that fiddler crab larval release responds to tidal amplitude and not to the time interval between high tide and the onset of darkness. On a small sandy beach with tidal amplitudes between 0.1 and 0.7 m (from Fig. 2 in Christy 1978), a peak of Uca pugilator females releasing their larvae at neap tides was observed. Conversely, Paula (1989) found that the amplitude of tides (1 to 2.8 m in the Mira Estuary) did not seem to control larval release of a European population of Uca tangeri, and any crepuscular high tide seemed to be suitable for larval release. The latter author also indicated that there was no obvious semi-lunar pattern of Panopeus africanus larval release in the Mira Estuary. Results of the present study suggest that there were no clear differences of larval release between spring and neap tides for either species in the studied system. The considerable differences in tidal amplitude between these American and European habitats may contribute to the different way in which this factor influences the larval release of their respective crab populations. Moreover, different diel/tidal patterns of larval release of P. africanus seem to exist in the study inlet depending on lunar phase, with 2 die1 peaks at spring tides but just 1 nocturnal peak at neap tides. However, due to the considerable short-term variation in larval abundance, longer sampling periods will be needed before we can be more conclusive concerning this topic.
In addition to the short-(between consecutive or alternate days) and long-term (interannual) variation in the abundance of zoea I of both species, there was a significant interaction effect of lunar phase vs year on Uca tangeri first zoea abundance: maximal and minimal values were observed for 1991 and 1992 neap tides, respectively ( Table 2) . But these results may be related to the fact that the breeding season had not reached its full peak in late May of 1992, when neap tide samples were taken.
